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Abstract 
Several wind turbine simulation packages use reduced models for computationally efficient load case simulations of offshore 
wind turbines. These models capture the global wind turbine behaviour, where the support structure behaviour is expressed using 
a limited number of eigenmode amplitudes involving the lower frequencies. However, the disregarded higher eigenmodes are 
significant for the detailed behaviour of support structure members and contribute significantly to the fatigue damage and 
maximum stresses under extreme loads. 
To get detailed member load information, fully integrated simulations can be performed at the expense of the computational 
efficiency gained by using reduced models. Alternatively, load case simulations may be performed sequentially. This involves 
water flow load evaluation at a stage where the tower motion is not yet known. 
This paper presents a new sequential approach in which the sensitivities of the water flow loads with respect to support structure 
motion are conveyed to the dynamic simulation stage, and in which the parts of the water flow loads that are disregarded in the 
reduced model space are recovered in the retrieval run, allowing evaluation of the contribution of these forces to the fatigue 
damage and maximum stresses. 
Application of the new approach confirms that these contributions are significant. Furthermore, the new method is reasonably 
efficient, requiring about 80% extra calculation time compared to the traditional method. 
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1. Introduction 
Finite Element (FE) modelling is commonly used to obtain accurate models of support structures. Typically, these 
models involve large computational efforts for simulation. This is an issue, considering the increasingly large 
number of required design load case simulations, as for instance prescribed by the IEC standard for offshore wind 
turbines [1]. To mitigate this, state-of-the-art integrated wind turbine design software currently makes use of model 
reduction methods. With these methods, a small, effective support structure model is obtained, which is suitable for 
the time-dependent aero- and hydro-elastic analysis of a wind turbine and support structure system in an efficient 
manner. Verification of simulation results in previous benchmark projects (e.g. [2]) has shown that global turbine 
response is simulated satisfactorily.  
However, analysis of data from research projects showed that higher-order modes which involve significant local 
deflection can be observed, e.g. in out-of-plane moments in the bracing system (see e.g. [3], [4], [5]). This indicates 
that the wave and current loading on the individual members of a jacket tower is important, which is not covered by 
using reduced-system solutions. For an optimal integrated design solution, the modelling of the local effects of wave 
and current loading in integrated design tools needs to improved.  
There are several methods to achieve this improvement [5]. Load case simulations may be performed coupling 
the wind turbine simulation software and the support structure simulation software to obtain fully integrated 
solutions. This partly eliminates the computational efficiency gained by using reduced models. Alternatively, load 
case simulations may be performed sequentially: First, a reduced support structure model and corresponding wave 
loads are generated, then this data is used to perform the wind turbine simulation and obtain the wind turbine loads 
on the support structure, and finally, a “retrieval run” is performed to obtain member forces. The wave loads are 
evaluated beforehand, neglecting the contribution of the tower motion to the relative flow velocities. Furthermore, 
the wind turbine behaviour is characterized by the time histories of the displacements or the loads at the interface 
node. 
The method discussed in the present paper achieves to include most of the relative part of the flow velocities, and 
expresses the behaviour of the support structure in the time histories of the interface node displacement as well as 
the involved amplitudes of the internal modes of the support structure. Furthermore, the “retrieval run” then also 
corrects for the flow loads omitted in the reduced–system simulation. 
The method has been applied to a model of the XEMC Darwind XD115 wind turbine, and significantly larger 
loads are obtained as expected, at limited computational cost. 
2. Method 
For the simulation of the wind turbine behaviour, WMC’s aeroelastic code ‘PHATAS’ is used. It uses a Craig 
Bampton [6] model for the support structure, and consequently operates in the reduced modal space. For monopiles, 
PHATAS can calculate the Craig Bampton model. For more complex structures WMC’s finite element code 
‘wmc_fem‘ is used to generate the Craig Bampton  model. The support structure loads are also evaluated in modal 
coordinates by the FE code, as it knows the 3D geometry of the support structure. After the Craig Bampton model 
and the loads are generated, PHATAS performs the simulation. 
 This leads to two issues that are addressed in this paper. First, the water flow load evaluation cannot be done 
completely by the FE code since it involves the structural geometry, water flow and tower motion, and the tower 
motion is not known to the FE code. In section 2.1, sensitivities of the modal loads to the tower motion are derived 
to infer the tower motion in the simulation. 
The second issue is that the simulation program operates in a reduced modal space, involving only the first few 
modes that are considered significant for the global behaviour. Load components corresponding to the remaining 
modes are ignored in the simulation. In section 2.2, these so-called surplus loads are discussed. 
Section 2.3 briefly touches post processing, where wmc_fem combines the time series of the modal amplitudes 
generated by PHATAS with the time series of the surplus loads to evaluate the desired response quantities. 
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2.1. Modal water flow loads 
The water flow involves both wave motion and currents. The flow loads on the members of the support structure 
are evaluated element-wise using Morison’s equation, and depend on the water flow ࢝ and tower displacements ࢛, 
with superposed dots indicating time derivatives. 
ࡲ ൌ ߩܸ࢝ሶ ൅ ߩܥ௔ܸሺ࢝ሶ െ ࢛ሷ ሻ ൅ଵଶߩܥௗܣሺ࢝ െ ࢛ሶ ሻȁ࢝ െ ࢛ሶ ȁ 
This equation involves the structural geometry and water flow, which are known at the first stage of the 
sequential approach, and the tower motion, obtained at the second stage. To allow sequential evaluation, the 
evaluation of the modal flow loads is subdivided in two stages. 
For a model with a single degree of freedom, the equation can be written as: 
ܨ ൌ ߩሺͳ ൅ ܥ௔ሻܸݓሶ ൅ଵଶߩܥௗܣݓଶ െ ߩܥ௔ܸݑሷ െ ߩܥௗܣݓݑሶ ൅ 
ଵ
ଶߩܥௗܣݑሶ ଶ 
With the proper choice of coefficients ܴ, ܵ, ݓܶ, and ܶ, tower motion can be isolated, writing 
ܨ ൌ ܴ ൅ ܵݑሷ ൅ ݓܶݑሶ ൅ ܶݑሶ ଶ 
These coefficients can be calculated since the geometry and water motion are known. 
For the full FE model, Morison’s equation takes a similar form, transformed in modal coordinates: 
ࡲഥ௠ ൌ ࡾ ൅ ࡿ࢛ഥሷ ௠ ൅ ࢝ࢀ࢛ഥሶ ௠ ൅ ࢛ഥሶ ௠்ࢀ࢛ഥሶ ௠ 
To arrive at this expression, the flow ሺ࢝ െ ࢛ሶ ሻhas been factored in magnitude and direction, and the relative flow 
direction has been replaced by the absolute flow direction. This approximation is expressed as 
ሺ࢝ െ ࢛ሶ ሻ ൎ ȁ࢝ െ ࢛ሶ ȁ ࢝ȁ࢝ȁ 
 This approximation is expected to have negligible influence on the simulation. When the water flow is much 
larger than the tower speed, then the absolute and relative flow directions nearly coincide, and when the water flow 
is of the same order or less than the tower speed, then the drag contribution is small. 
Since the tower velocities are relatively low, it is expected that the last term ࢛ഥሶ ௠்ࢀ࢛ഥሶ ௠  does not contribute 
significantly. It has been verified that this is the case, so this term can be dropped. This gives a significant gain in 
efficiency since ࢀ involves transferring much data. 
In the implementation, the FE program evaluates the water velocities for the elements, and passes the modal flow 
loads in terms of the coefficients to the simulation program. The simulation program then evaluates the support 
structure behaviour in terms of modal amplitudes, modal velocities and modal accelerations. 
2.2. Surplus forces 
Consider the water flow loads expressed in the modal coordinate system. The simulation program operates in the 
reduced modal coordinate system, which means that only the modal shapes of the lower frequencies are considered. 
Hence, the modal coordinates corresponding to the higher frequencies are omitted, which means that the water flow 
load components in these modal shapes are ignored. These forces are called the surplus forces. So, the water flow 
loads can be regarded as the sum of the modal forces considered in the simulation and the surplus forces. 
After simulation, the global modal tower motion is known. Using the corresponding nodal motion, the water flow 
loads can be calculated explicitly using Morison’s equation. The surplus loads are obtained by subtracting the modal 
forces already considered in the simulation. This approach has the advantage that it incorporates not only the higher 
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frequency modal force components constituting the surplus forces, but also compensates for the deviations involved 
in the flow direction approximation and the dropping of ࢛ഥሶ ௠்ࢀ࢛ഥሶ ௠. 
2.3. Post-processing 
At the post-processing stage, the global modal tower motion is known. The response of the support structure to 
the surplus forces can be evaluated, and combined with the tower motion. That means that the displacements of the 
support structure involve both the tower dynamics from the simulation as well as the displacements due to the 
surplus forces. Using the combined nodal displacements, the member response time series can be evaluated. 
3. Application 
The new method has been applied to a model of the XEMC Darwind XD115 wind turbine on top of the OC4 
jacket support structure, experiencing the conditions on the K-13 deep water site, as described in [7]. The XD115 
wind turbine is a 5 MW direct drive generator, with a rotor diameter of 115 m. The rotor nacelle assembly weighs 
281 tonnes. The jacket description is given in [8], featuring a support structure with a height of 138.15 m, and is 
used in 50 m deep water.  
For the comparison of the new method and the traditional method, the fatigue loads and extreme loads are 
analysed. Since this application focuses on the evaluation of the method rather than the evaluation of a support 
structure design, the number of load case evaluations is limited to reduce the involved computational effort. The 
occurrence of the fatigue load cases is tuned to keep representing 20 years of operation. 
The most significant effects are expected in the braces near the water surface. Therefore, load sensors are applied 
to braces at water level at two sides, and at the nearby X-joints, see Figure 1 and Table 1. The axial forces, in plane 
(ip) bending moments and out of plane (oop) bending moments are evaluated at the load sensor locations. 
 
Figure 1: Brace sensor locations at the second bay of the OC4 jacket (X in downstream direction). 
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Table 1. Sensor location 
 Sensor location X Y Z 
WLS1 Water level, side 1 (lateral) 1.355 4.528 0.0 
WLS4 Water level, side 4 (downstream) 4.528 -1.355 0.0 
X2S1 X-joint in bay 2, side 1 (lateral) 0.0 4.592 -1.958 
X2S4 X-joint in bay 2, side 4 (downstream) 4.592 0.0 -1.958 
 
The traditional implementation of PHATAS uses the Craig Bampton model to evaluate the elastomechanical 
behaviour of the support structure. Usually, three to four fore-aft modes and side-to-side modes are included. Due to 
the symmetry of the tower, the fore-aft modes and side-to-side modes involve pairs of eigenfrequencies. To be 
conservative, the modal coordinate vector is truncated at 18 components, after the fifth pair of eigenfrequencies.  
The wave loads are evaluated using a monopilized model of the support structure. The monopilization approach 
subdivides the support structure in horizontal slices, and replaces each slice by a vertical tube with dimensions, 
added mass coefficient and drag coefficient tuned in such a way that the Morison equation yields equivalent loads 
for the tube as for the member sections present in the slice. In this way, the (irregular) stack of tubes forms a 
monopile generating the same wave loads as the original support structure without knowledge of the full 3D 
geometry. After simulation, the modal amplitudes are processed to generate the desired time series of the member 
loads. 
4. Results 
The results show that members incur up to 32% more fatigue damage using the new method. For the extreme 
load cases, the maximum stress is increased with up to 57%. The new method has a more accurate evaluation of the 
modal wave loads included in the reduced model simulation, and also includes the surplus forces. It has not been 
assessed how much of the difference can be attributed to the increased accuracy, and how much to the inclusion of 
the surplus forces. 
For the fatigue evaluation, 58 load cases are evaluated, and 270 load cases are evaluated for the extreme loads 
evaluation. 
Table 2. Used abbreviations in the load case descriptions 
DLC design load case 
NTM normal turbulence model 
NWP normal wind profile 
SSS severe sea state 
SWH severe wave height 
EWH extreme wave height 
EWM50 extreme wind speed model, recurrence period 50 year  
RWM50 reduced wind speed model, recurrence period 50 year  
4.1. Fatigue 
The fatigue load cases are listed in Table 3 showing aggregated numbers. For example, grid loss is evaluated at 
sub-rated wind, limited to two different random seeds, contributing 50 occurrences each. The remaining 400 
occurrences are due to other wind velocities. 
The fatigue damage is evaluated using Palmgren-Miner’s hypothesis. In Table 4, the ratios are given between the 
accumulated damages calculated using the new method and the traditional method. 
The damage contribution is summarized in Table 5 showing that 99% of the damage is incurred during normal 
operation. 
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Table 3: Fatigue load cases 
 Occurrence Duration  
Grid loss 500 60 s. DLC 1.13 NWP, different wind speeds 
Normal operation 927523 600 s. DLC 1.2 NTM, different wind speeds 
Yaw or pitch issues 3548 600 s. DLC 2.4 NTM, failed yaw or delayed blade pitch 
Start 21900 120 s. DLC 3.1 NWP, different wind speeds 
Stop 21600 60 s. DLC 4.1 NWP, different wind speeds 
Idling 123679 600 s. DLC 6.4 NTM, below cut-in or erroneous yaw 
Table 4: Damage ratios for the total incurred fatigue damage over the entire life time. 
damage WLS4 WLS1 X2S4 X2S1 
 oop ip oop ip oop ip oop ip 
Ratio New/Trad 1.10 1.01 0.99 1.01 1.32 1.06 1.00 1.16 
Table 5: Damage contribution (%) per loadcase. Summation deviates from 100% due to rounding. 
 WLS4 WLS1 X2S4 X2S1 
 oop ip oop ip oop ip oop ip 
Grid loss 0 0 0 0 0 0 0 0 
Normal operation 99.3 99.2 99.3 99.1 98.9 99.1 99.5 98.7 
Yaw or pitch issues 0.4 0.5 0.4 0.4 0.4 0.5 0.4 0.4 
Start 0 0 0 0 0 0 0 0 
Stop 0 0 0 0 0 0 0 0 
Idling 0.2 0.2 0 0.2 0.4 0.6 0 0.9 
Table 6: Damage ratio classification. 
 WLS4 WLS1 X2S4 X2S1 
 Oop ip oop ip oop ip oop ip 
Grid loss 4 1 -1 -1  4 0 1 1 
Normal operation 1 0 0 0 2 0 0 1 
Yaw or pitch issues 1 0 0 0 2 0 0 1 
Start 4 1 -1 -2 4 1 1 4 
Stop 4 1 -1 -2 4 1 1 4 
Idling 4 1 0 0 4 0 1 3 
Damage ratio New/Trad 0.70 0.80 0.90 1.10 1.25 1.60 3 more 
Class  -2 -1 0 1 2 3 4  
 
To summarize the results, the ratios of the damage calculated by the new and the traditional methods are 
condensed in classes, as shown in Table 6. Class 0 represents the case where the damages are similar. The new 
method finds more damage for higher classes, and less damage for lower classes. It can be observed that member 
bending is affected most in the flow direction. Also, the effect is less pronounced in normal operation, yet the effect 
is still significant with damage ratios around 1.2 and 1.3. The most affected load cases do not contribute much to the 
total fatigue damage. 
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Table 7: Extreme stress ratio classification. 
 WLS4 WLS1 X2S4 X2S1 
 oop ip oop ip oop ip oop ip 
DLC1.6a NTM, Power production with SSS 0 0 0 0 0 0 0 0 
DLC1.6b NTM, Power production with SWH 1 0 0 0 0 0 0 0 
DLC6.1a EWM50 idling upwind, SSS 2 0 1 0 2 0 2 0 
DLC6.1c RWM50 idling upwind, EWH 2 1 2 0 2 0 2 0 
DLC6.2b EWM50 idling, failed yaw, EWH 2 0 1 0 2 0 2 0 
Maximum stress ratio New/Trad   0.90 1.20 1.4 more   
Class    0 1 2    
Table 8: Overall stress increase max࣌ࡺࢋ࢝ max࣌ࢀ࢘ࢇࢊΤ  
 WLS4 WLS1 X2S4 X2S1 
 oop ip oop ip oop ip oop ip 
Ratio 1.25 1.11 1.35 1.1 1.28 1.16 1.57 1.16 
4.2. Extreme loads 
The load cases are condensed in classes listed in Table 7. It can be observed that the out of plane bending is 
affected most. Of course, the ratio is relative, and a small figure divided by an even smaller figure may show a 
deceptively large ratio. To address this, the ratio is calculated member-wise for the largest stresses selected from all 
extreme load cases, see Table 8. 
The maximum effect is seen in the load cases with 50 year recurrence.  
4.3. Calculation times 
The new method requires more computational effort than the traditional method. Roughly speaking, the 
calculation time is increased by about 80%. 
Table 9 lists the involved calculation times, starting with wind files, water files and support structure model files 
available. In the preparatory stage, the modal wave loads are evaluated. The simulation is performed using the 
reduced modal amplitudes. The post-processing consists of evaluation of the time series of the brace section forces. 
Table 9 excludes the generation of the wind files, water files and model files, and also excludes the post-processing 
of the brace section forces into fatigue damage and maximum stresses. 
The modal wave loads are evaluated both in the preparation stage and the post-processing stage. The preparation 
stage costs addional time, probably caused by the large amount of I/O operations of writing the modal wave load 
data files.  
Table 9: Calculation times (h:mm) 
LC type Method Preparation Simulation Post-processing Total 
Fatigue Traditional - 25:22 0:06 25:29 
 New 22:16 27:18 5:07 54:42 
Extreme Traditional - 102:45 0:28 103:14 
 New 68:52 92:31 16:02 177:25 
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5. Conclusions and recommendations 
The new method allows for accurate evaluation of the support structure, while retaining the computational 
advantages of the reduced model methods. At limited extra computational cost, the wave loads are evaluated with 
better treatment of the tower motion in the wave load calculation at the simulation stage, and with inclusion of the 
surplus forces in the “retrieval run” stage. 
In the fatigue load cases, the most effect of the use of the new method is observed in the start and stop cases. Less 
effect is observed in the operational load cases, although they make up most of the fatigue damage. Still, this effect 
is significant. In the extreme load cases, the most effect of the use of the new method is observed in the 50 year 
recurrence load cases. 
Significant differences between traditional and new method have been found for the support structure 
configuration under consideration. A next step is to verify these results for a different support structure 
configuration and other environmental conditions. Finally it is recommended to validate the method by comparing 
simulated results to measurements in the field. For this reason WMC intends to take part in Phase III of the IEA 
Task 30 OC5 code comparison project. 
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